In this paper we propose a hybrid particle swarm optimization (PSO) and sequential quadratic programming (SQP) for solving the combined heat and power dynamic economic emission dispatch (CHPDEED) problem. The primary objective of CHPDEED is to determine the optimal heat and power generation schedule of the online generating units over a fixed interval by simultaneously minimizing the generation cost and emission level and satisfying the dynamic constraints and other constraints. Taking into account the valve point effects, CHPDEED is considered as a multi-objective optimization problem with non-smooth characteristics. In the hybrid method, PSO is used as a global search to find near global optimal solution and this solution is used as initial for the SQP to find the global optimal solution at the end. The proposed method is verified using a test system consisting of eleven units and considering transmission line losses and valve point effects. The numerical results show the effectiveness and the superiority of the introduced method over other published methods.
Introduction
Recently, combined heat and power (CHP) plays an important role in meeting the energy needs of many countries. CHP can produce both heat and electricity from one fuel source. CHP increases the efficiency and reduce the emission of gaseous pollutants (SO 2 , NOx, CO and CO 2 ) [1, 2] . In order to use the integrated CHP system more economically, combined heat and power economic dispatch (CHPED) problem is applied. The CHPED determines the optimal power and heat by minimizing the fuel cost subject to unit and system constraints. Considering valve point effects in the CHPED problem make the problem non-smooth and non-convex which increase the difficulty of finding the global optimal solution. In the literature, the CHPED problem has been solved by different optimization techniques such as Lagrangian relaxation (LR) [3, 4] , semi-definite programming (SDP) [5] , augmented Lagrange combined with Hopfield neural network [6] , harmony search (HS) algorithm [1, 7] , genetic algorithm (GA) [8] , ant colony search algorithm (ACSA) [9] , mesh adaptive direct search (MADS) algorithm [10] , self adaptive real-coded genetic algorithm (SARGA) [11] , particle swarm optimization (PSO) [2, 12] , bee colony optimization (BCO) [13] , artificial immune system (AIS) [14] , differential evolution (DE) [15] , evolutionary programming (EP) [16] , opposition-based group search optimization [17] and normal boundary intersection method [18] . The CHPED problem with transmission line losses and valve point effects has been studied in [2, 13, 14, 15, 17] .
To keep the life of the units, the ramp rate limits have to be incoroporated into the CHPED problem. Combined heat and power dynamic economic dispatch (CHPDED) problem is an extension of CHPED problem by incroporating the ramp rate constraint. The primary objective of the CHPDED problem is to determine the heat and power schedule of the online units so as to satisfy the heat and electricity load demands over a time horizon at minimum fuel cost under ramp rate constraints and other constraints [19, 20] .
The emission has been taken into the CHP system in [19] and [21] by formulating combined heat and power dynamic economic emission dispatch (CHPDEED). The objective of the CHPDEED is to determine the unit power and heat production so that the system's production cost and emission are simultaneously minimized while the power and heat demands and other constraints are met [19] . In [19] , both fuel cost and emission are simultaneously handled as as competing objectives and the multiobjective problem is solved using an enhanced firefly algorithm (FA). The multi-objective optimization problem has been converted into a single-objective optimization using the weighting method and has been solved by differential evolution with sequential quadratic programming (DE-SQP) in [21] .
In this paper, we propose a hybrid particle swarm optimization and sequential quadratic programming (PSO-SQP) for solving the CHPDEED problem with non-smooth and non-convex cost function. In the hybrid method, PSO is used as a global search to find a near global optimal solution and this solution is used as initial for the SQP to find the global optimal solution at the end. The effectiveness of our proposed hybrid PSO-SQP method has been demonstrated using test systems.
Problem formulation
In this section we formulate the CHPDEED problem. The system under consideration has three types of generating units, conventional thermal units (TU), CHP units, and heat-only units (H). The power is generated by conventional thermal units and CHP units, while the heat is generated by CHP units and heatonly units. The objective of the CHPDEED problem is to simultaneously minimize the system's production cost and emission so as to satisfy the predicted heat and power load demands over a time horizon under ramp rate and other constraints. To formulate the CHPDEED problem we have the following objectives and constraints [20, 21] .
Objective functions
In this section, we introduce the cost and emission functions of three types of generating units, conventional thermal units which produce power only, CHP units which produce both heat and power, and heat-only units which produce heat only.
Conventional thermal units
Cost: We consider a non-smooth cost function as:
where a i , b i and c i are positive constants, and e i and f i are the coefficients of conventional thermal unit i reflecting valve-point effects, P TU i,t is the power generation of conventional thermal unit i during the t-th time interval [t − 1, t), P TU i,min is the minimum capacity of conventional thermal unit i; and
) is the fuel cost of conventional thermal unit i to produce P TU i,t [20, 22, 23] .
Emission:
The amount of emission of gaseous pollutants from conventional thermal units can be expressed as a combination of quadratic function and exponential function of the unit's active power output [23, 24, 25] . The emission function is given by:
where
) is the amount of emission from unit i from producing power P TU i,t
. Constants α i , β i , γ i , η i and δ i are the coefficient of the i-th unit emission characteristics [26] .
CHP units
Cost: A CHP unit has a convex cost function in both power and heat. The form of the fuel cost function of CHP units can be given by [5, 19, 20, 21, 27] :
) is the generation fuel cost of CHP unit j to produce power P CHP j,t
and heat H CHP j,t
. constants a j , b j , c j , d j , e j and f j are the fuel cost coefficients of CHP unit j.
Emission:
The emission of gaseous pollutants from CHP units is proportional to their active power output [19, 21, 28] :
where α j and β j are the emission coefficients of CHP unit j.
Heat-only units
Cost: The cost function of heat-only units can take the following form [5, 19, 20, 21, 27] :
where a k , b k and c k , are the fuel cost coefficients of heat-only unit k and they are constants.
Emission:
The emission of gaseous pollutants from CHP units is proportional to their heat output [19, 21, 28] :
where α k and β k are the emission coefficients of heat-only unit k.
Let N be the number of dispatch intervals and N p + N c + N h be the number of committed units, where N p is the number of conventional thermal units, N c is the number of the CHP units, and N h is the number of the heat-only units. Then the total fuel cost and amount of emission over the dispatch period [0, N] are given, respectively, by
, where the prime ( ) denotes transpose of a vector.
Constraints
In the CHPDEED problem we consider three kinds of constraints, the equilibrium constraints of power and heat production, the capacity limits of each unit and the ramp rate limits.
• Power production and demand balance
where P D,t and Loss t are the system power demand and transmission line losses at time t (i.e., the t-th time interval), respectively. The losses are represented by:
and B i j is the ij-th element of the loss coefficient square matrix of size N p + N c [20, 21, 27 ].
• Heat production and demand balance
where H D,t is the system heat demand at time t.
• Capacity limits of conventional thermal units
where P TU i,min
and P TU i,max are the minimum and maximum power capacity of conventional thermal unit i, respectively.
• Capacity limits of CHP units ).
• Capacity limits of heat only-units
where H H k,min
and H H k,max are the minimum and maximum heat capacity of heat-only unit k, respectively.
• Upper/down ramp rate limits of conventional thermal units
where DR TU i
and UR
TU i
are the maximum ramp down/up rates for conventional thermal unit i [29, 30] .
• Upper/down ramp rate limits of CHP units
where DR 
The optimization problem
In this paper we the weighting approach to convert the multi-objective optimization into a singleobjective optimization. Let us define a weighting factor w ∈ [0, 1]. Then the CHPDEED can be formulated as:
subject to constraints (7)- (14) Note that if w = 1, then problem (15) leads to the combined heat and power dynamic economic dispatch (CHPDED) minimize the fuel cost regardless of emission. If w = 0, then problem (15) leads to the combined heat and power pure dynamic emission dispatch (CHPPDED) which minimize the emission regardless of cost [20, 21] .
Particle swarm optimization method
Particle swarm optimization (PSO) is one of the evolutionary computations, which can be used for solving continuous and discrete optimization problems [31] . In PSO, simple software agents, called particles, move in the search space of an optimization problem such behavior of organisms which are looking for their own food such as bird flocking and fish schooling. Each particle keeps track of its coordinates in the problem space which are associated with position and velocity vectors. PSO algorithm searches in parallel using a swarm of particles. The PSO algorithm starts by generating random positions and velocities for the particles [32] . For a D-dimensional space, the position and velocity of particle i of the swarm at iteration G are represented by
) be the best known position of the particle i until the current iteration G and let Gbest G = (Gbest
, ..., Gbest G D ) be the best particle in the swarm at iteration G. The objective function to be minimized is used to evaluate the fitness of each particle [33] . A particle approaches better position (better solution) with randomly weight acceleration using its present velocity, previous experience, and the experience of other particles. Then, the velocity and position of every particle will be updated according to the following equations:
where N p is the number of the particles; r 1 and r 2 are uniform random numbers in [0, 1]; c 1 and c 2 are cognitive and social component acceleration coefficients, respectively; ω is the inertia weight parameter which controls the global and local exploration capabilities of the particle; K is the constriction factor. Parameters ω and K have been defined in [34] and [35] , respectively, as:
where ω max and ω min are initial and final weights, G max is the maximum iteration number, and ϕ = c 1 +c 2 ≥ 4.
To evaluate the fitness of each individual in the swarm as we use the following evaluation function [20, 21] :
where λ 1 and λ 2 are penalty values. Then we aim to find the minimum evaluation value of all the individuals in all iterations where all the uper and lower capacity limits as well as the ramp rate limits are satisfied. The equality constraints are satisfied once the function f reaches its minimum.
Sequential quadratic programming method
SQP method is one of the best iterative methods for solving nonlinear programs, i.e. mathematical optimization problems with nonlinear constraints. It is appropriate for small and large problems and it is well-suited to solving problems with significant nonlinearities. The method can be viewed as a generalization of Newton's method for unconstrained or constrained optimization. At each iteration, Broyden-Fletcher-Goldfarb-Shanno (BFGS) quasi-Newton updating method is used to approximate the Hessian of the Lagrangian function [36] . The SQP method solve a sequence of quadratic programming (QP) sub-problem defined in terms of a quadratic model of the objective function and a linearization of the constraints. More details about the SQP method can be found in Ref. [33] . Since the CHPDEED problem is non-convex and non-smooth, SQP ensures a local minimum for an initial solution. Therefore, PSO is used as a global search and finally the best solution obtained from PSO is given as initial condition for SQP method as a local search to fine tune the solution. SQP simulations can be computed by the fmincon code of the MATLAB Optimization Toolbox.
Simulation results
In this section we show the effectiveness of the proposed hybrid PSO-SQP method for solving the CHPDED, CHPDEED and CHPPDED problems. Elevent-unit system (eight conventional thermal units, two CHP units and one heat-only unit) with transmission line losses and valve point effects is used as a test system. The technical data of conventional thermal units, the matrix B and the demand are taken from the 10-unit system presented in [26] . The 5th and 8th conventional units in [26] were replaced by two CHP units. The technical data of the two CHP units, the heat-only unit and the heat demand are taken from [19, 20, 21] . The feasible operating regions of the two CHP units are given in Figures 1 and 2 (see [3, 13, 20, 21] ). In the PSO algorithm the following control parameters are chosen: NP = 80, ω max = 0.9, ω min = 0.4, c 1 = 2.25, c 2 = 2.25. The maximum number of iterations are selected as 20, 000. The results represent the average of 30 runs of the proposed method. MATLAB program has been used in all computations. We solve the CHPDEED problem with the values w = 0.0, w = 0.5 and w = 1.
The best solutions of the CHPDED, CHPDEED and CHPPDED problems for PSO-SQP algorithm are given in Tables 1, 2 and 3, respectively. The best cost, the amount of emission and the transmission line losses are also given in Tables 1-3 . It is seen that the cost is 2.5183 × 10 6 $ under CHPDED but it increases to 2.7012 × 10 6 $ under CHPPDED. The emission obtained from CHPDED is 2.8229 × 10 5 lb but it decreases to 2.4187 × 10 5 lb under CHPPDED. Under the CHPDEED problem, the cost is 2.5274 × 10 6 $ which is more than 2.5183 × 10 6 $ and less than 2.7012 × 10 6 $. Moreover, the emission is 2.7304 × 10 5 lb which is less than 2.8229 × 10 5 lb and more than 2.4187 × 10 5 lb. Comparison between our proposed PSO-SQP method and DE-SQP method presented in [21] are given in Table 4 . From these results, we observe that our methods are efficient, giving a cheaper cost and less amount of emission than the DE-SQP method. 
Conclusion
This paper presents a hybrid method combining particle swarm optimization (PSO) and sequential quadratic programming (SQP) for solving dynamic dispatch (CHPDED, CHPDEED and CHPPDED) problems with valve-point effects including generator ramp-rate limits. In this paper, PSO is first applied to find the best solution. This best solution is given to SQP as an initial condition fine-tune the optimal solution at the final. The feasibility and efficiency of the PSO-SQP were illustrated by conducting case studies with system consisting of eight conventional thermal units, two CHP units and one heat-only unit. 
